The blade vortex interaction (BVI) is caused by interaction between the rotor blades and their trailed wakes. The BVI occurs mainly in low speed transition flight and causes significant noise and vibration problems. In order to improve the basic understanding for the formation of vortex wakes and the interactions leading to noise and vibration, an international cooperative program, HART II, was conducted in 2001 ( Van der Wall, 2003) , following the previous HART I ( Yu et al., 2002) . Particularly, the goals of the test were to measure the noise level, airloads, vortex wakes, and blade motions with and without higher harmonic pitch control (HHC) inputs.
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* Graduate Student ** Research Professor *** Professor, Corresponding author, E-mail: snjung@konkuk.ac.kr, Tel: +82-2-450-3449, Fax: +82-2-444-6670 **** Senior Researcher wake model still deserves to be taken into consideration. The computed results from CSD analysis can be used as a datum at the stage of comparing and assessing the prediction capability of state-of-the-art analysis methods.
Recently, flexible multibody dynamics modeling techniques have attracted growing attention for use in rotorcraft applications. One of these techniques is DYMORE, which was developed by Bauchau (2007) . DYMORE uses geometrically exact beam theory (Hodges, 1990) for nonlinear elastic beam model and the finite-state dynamic inflow model (Peters and He, 1995) for the aerodynamic model. The inflow model is a relatively simple estimate of the complex rotorcraft flow field; a more refined representation of aerodynamics is required for a more enhanced prediction (Liu, 2008; Min et al., 2009) .
In order to improve the rotor wake modeling capability, Roget (2006) incorporated a time marching free vortex wake method developed by B-L (Bhagwat and Leishman, 2001) into DYMORE. This model has been applied to investigate the control authority of the active twist rotor and the active trailing-edge flap mechanism for a scaled rotor model. In the present work, the prediction capability of DYMORE with the B-L free vortex wake model is assessed for the evaluation of BVI airloads and blade motions of the HART II rotor with and without the higher harmonic control inputs. The comprehensive aeroelastic analysis code, CAMRAD II (Johnson, 1992) , is also employed to cross-check the validity of blade modeling and to gain confidence about DYMORE predictions. Both the CSD predictions on airloads and structural responses of the rotor are correlated with the test data for the baseline (BL), minimum noise (MN), and minimum vibration (MV) cases.
HART II Test
The HART II test was conducted in an open-jet anechoic test chamber having an 8 m × 6 m cross-section in the German-Dutch wind tunnel (DNW). The rotor was operating under descent flight conditions with an advance ratio μ = 0.15, a shaft tilt angle α s = 5.3 deg (4.5 deg after the wind tunnel wall correction), a hover tip Mach number M = 0.6387 and a thrust level C T = 0.0044.
For the HART II rotor, 40% Mach-scaled models of the production BO-105 hingeless rotors were fabricated. The blade was dynamically scaled to match the natural frequencies of the first three flapping modes, the first two lag modes, and the first torsion mode of the full-scale versions. The chord length was increased by 10% to compensate for the Reynolds number error. The blades had a rectangular planform shape with -8 deg linear pretwist and 2.5 deg precone. The blades had a NACA23012 airfoil with a trailingedge tab. The general properties of HART II blades are given in Table 1. Table 2 presents the forces and moments measured in the hub-fixed frame as well as the higher harmonic pitch inputs for the three test cases. It is noted that the roll and pitch moments are defined as positive when the advancing side goes down and when the nose-up motion is accompanied, respectively.
The cross-section of blades was composed of C-type spar, skin, and foam core. Both the skin and spar are made of fiberglass. The number 1 blade was designated as the reference blade and defined t he rotor azimuth. Each blade was instrumented with six strain gauges: three for flap, two for lead-lag, and one for torsion, while the reference and opposite blades (numbered one and three) were equipped with a root pitch sensor. The pitch link loads were also measured with a strain gauge attached to the pitch links.
The deflections of the HART II blades were measured optically by using the stereo pattern recognition (SPR) technique. Through this technique, 18 markers were distributed along the blade span and attached at both leading and trailing edges with an equal spacing starting from 22.8% radial location. The elastic blade motion was defined with respect to the rotor hub coordinate system. Both the flap and lead-lag motions were computed at the quarter chord line. The pitch angle θ SPR is obtained using the vertical distance between the two markers ( z ∆ ) and their relative length along with a correction angle as:
( 1) The elastic twist ϕ is expressed in the following form by subtracting the pretwist angle θ tw , the basic control, θ 0 , θ 1c , θ 1s , and the 3/rev harmonic pitch inputs, θ 3c , θ 3s , from the measured pitch angle θ SPR : 
where r is the radial dis tance non-dimensioned by the length of the blade.
CSD Analysis
The comprehensive structural dynamics model used for the HART II validation is described in this section. A nonlinear flexible multi-body dynamics code DYMORE (Bauchau, 2007) as well as a comprehensive aeroelastic analysis code CAMRAD II (Johnson, 1992) are employed to obtain the aerodynamic loads acting on the blades and the corresponding structural responses of the rotor.
DYMORE with Free Wake Model
DYMORE is a nonlinear flexible multibody dynamics analysis system that includes rigid bodies, rigid/elastic joints, and elastic bodies such as beams, plates, and shells. It uses a geometrically exact beam theory (Hodges, 1990) for the elastic blade representation, a two-dimensional airfoil theory with an airfoil table look-up for the aerodynamic forces and moments, and Peters and He finite-state dynamic inflow model (Peters and He, 1995) . This inflow model is constructed by applying the acceleration potential theory to a rotor aerodynamics problem with a skewed cylindrical wake. More specifically, the induced flow at the rotor disk is expanded in terms of modal functions. As a result, a threedimensional, unsteady induced-flow aerodynamic model with a finite number of states is derived in the time domain. This model is an intermediate level of wake representation compared to the more complicated freewake methods.
The freewake analysis is based on a potential flow with the vorticity being concentrated on a finite number of vortex filaments. The motion of a point on a vortex filament is described by the motion of Lagrangian fluid markers as:
where r is the position vector of the point on the vortex filament and V is the local fluid velocity at the point r. In addition, ψ and ζ denote the blade azimuth angle and wake age, respectively. From Eq. (3), the vorticity transport equation is written in the following partial differential form:
where Ω is the rotational speed. Eq. (4) dictates the governing equation for the free-vortex problem applied to the rotor wake. The left-hand-side of Eq. (4) is a one-dimensional wave equation. The complexity of the problem comes from the right-hand-side term, which is highly nonlinear. In order to solve Eq. (4), the domain (ψ, ζ) is discretized into finite steps of Δψ and Δζ. In addition, the derivatives of the lefthand-side in Eq. (4) are approximated by the finite difference scheme. The discretized equation is integrated by applying the time marching algorithm using predictor-corrector with the 2nd-order backward difference, as proposed by Bhagwat and Leishman (2001) and later modified by Roget (2006) .
The trailed near wake is also taken into account to improve the accuracy of the solution. The near wake consists of a series of vortex filaments trailed behind the blades for a given angular distance. The trailed vortices comprise the near wakes, which are assumed to be planar with a fixed angular distance. The tip vortex that constitutes the freewake extends beyond the near wake with the strength equal to the maximum bound circulation along the blade. The strength of the blade bound vorticity is determined from the induced velocity at the control points.
The overall procedures to obtain the aerodynamic forces along the blades are described as follows: First, the aerodynamic lift is estimated by the two-dimensional strip theory using the inflow distribution obtained from the freewake model. Second, using the estimated lift, the angle of attack for the equivalent flat plate is determined. Third, the surface normal vector at the control point is adjusted to make it consistent with the equivalent flat plate angle of attack. Fourth, the blade bound circulations and the equivalent lifts are calculated. Finally, the effective angle of attack at each air station point is determined from a reverse table look-up procedure. This solution procedure allows for the circulation distribution on the blade to be consistent with the circulation released into the freewake.
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CAMRAD II
CAMRAD II is a comprehensive aeromechanical analysis code that is characterized by multibody dynamics, nonlinear finite elements, and various levels of rotorcraft aerodynamics (Johnson, 1992) . For the structural analysis, the blade motion consists of the sum of the rigid body motion and the elastic deformation. The rigid body motion describes the motion of one end of a beam element, and the elastic motion is measured relative to the rigid motion. Either Euler-Bernoulli or Timoshenko levels of approximations toward the beam representation is possible from the structural model depending upon the materials chosen for the blades. A quasistatic reduction of transverse shear variables is enforced to keep the number of degrees of freedom identical in both the beam approximations.
The aerodynamic model used in CAMRAD II is based on a lifting-line theory using steady two-dimensional airfoil characteristics and the vortex wake. Several different attached-flow unsteady aerodynamics along with various dynamic stall models are implemented in CAMRAD II. For the vortex wake model, the free wake geometry is used to compute the non-uniform induced inflow distribution around the rotor disk. The tip vortex formation is modeled using a rolled-up wake model that is constructed from the magnitude and position of peak bound circulation (Yeo and Johnson, 2005) .
Results and Discussion
Both the DYMORE and CAMRAD II predictions of the HART II rotor are correlated with the wind tunnel measurement data. The test conditions considered for the HART II validation include the BL, MN, and MV cases. For both the MN and MV cases, 3/rev HHC inputs with different control phase angles are added to the pitch controls (Table  2) . 
Aerodynamic Loads
The predicted airloads obtained for the three test cases under the descending flight condition are compared with the wind tunnel measurement records (Van der Wall, 2003) . Both the predictions by DYMORE with B-L free wake model and CAMRAD II with roll-up wake model are correlated with the measured data. Table 3 summarizes the comparison of computed pitch control inputs obtained using CAMRAD II and DYMORE for each of the three test conditions. The pitch control inputs are obtained after the trim iterations are converged. The target values for the trim are given in Table  2 . Figure 1 shows the effect of different inflow models employed in the DYMORE analysis on the section normal force, M 2 C n , and pitching moments, M 2 C m , at 87% radial station for the BL case. The measurement data are also included for comparison purposes. The measured data shows strong BVIs in the advancing and retreating sides. It is seen that the predicted DYMORE results with a finite-state dynamic inflow model do not capture the BVI event along the azimuths. This is because the inflow model is based on simple harmonic functions and cannot describe high frequency BVI oscillations. Whereas, the free wake model improves the correlation drastically, especially at or near BVI events. It is notable that both the numbers and magnitudes of BVIs are captured quite nicely, but there is an apparent phase shift over the front disk area (ψ = 180 deg). No wake model is capable of capturing BVI oscillations in the section pitching moments since the lifting-line based model cannot describe the rapid movements of center of pressure during the BVI event. Figure 2 shows the comparison of the section normal forces (a) and pitching moments (b) between the CAMRAD II and DYMORE predictions and measured data. The solid continuous line denotes the CAMRAD II results while the dashed line denotes the DYMORE results. The time step sizes of 15 deg and 1 deg are used for CAMRAD II and DYMORE analyses, respectively. Although mean airloads are reasonably predicted for both the CSD analyses, most of the BVI peaks are missed in the CAMRAD II predictions due to a large time step size used in the analysis. The CAMRAD II predictions show a slightly better correlation for the pitching moments as compared with the measurement data. Figure 3 presents the comparison of normal forces, M 2 C n , and pitching moments, M 2 C m , obtained at 87% span location for the MN case. As compared with the BL case, a 3/rev variation of sectional lift is observed with the introduction of 3/rev HHC inputs. The number of measured BVI peaks becomes reduced significantly for the MN case, as compared with the absence of HHC control inputs. In general, DYMORE results with the free wake model show better correlation against the measured data than the CAMRAD II predictions, especially in advancing and retreating sides. However, a phase lead problem (about 20°) similar to the problem that occurred in the BL case is again observed in the DYMORE results. The peak-to-peak values of M 2 C n are reasonably captured with the CAMRAD II predictions. It is seen that there is a constant offset between the measured data and the CSD predictions for the estimation of M 2 C m .
The section normal forces and pitching moments at 87% radial location for the MV case are investigated next. Figure  4 shows the comparison results for the section normal forces and pitching moments. It is seen that the DYMORE analysis with free wake model shows a good correlation with measured data even though several BVI peaks in the first quadrant are missed and there remains a slight phase shift problem. The CAMRAD II predictions present better correlation in the phase angles.
The alternative way to look into BVI airloads is to find the gradient of the sectional lift with respect to the time, d(M 2 C n )/dψ, because the highly impulsive and rapid fluctuating lifts during BVI events lead to sharp spikes in the gradient of sectional lifts. In other words, higher M 2 C n gradients mean stronger BVIs. Figure 5 shows a comparison of sectional lift gradients between DYMORE analysis with the free wake model and the measured data obtained for the three test cases. CAMRAD II results are not included because they do not capture BVI phenomenon at all. The time step size used for DYMORE analysis is 1 deg, whereas the experimental data has 0.176 deg. In order to compensate for the inconsistency, DYMORE results are interpolated using the cubic spline technique leading a time step of 0.25 deg. As is denoted in Fig. 5 , the correlation with experimental data is generally within the range of good to fair for most cases. The BVI peaks in the advancing side are reasonably captured with the present analysis for both the BL and MV cases, but the predicted peaks of the MN case are much less impulsive compared to the measurement data. In addition, the predictions show under-estimation of BVI peaks at around 300 deg azimuth angles for all the cases. More refined representation of aerodynamic loads seems required to enhance the correlation. Figure 6 shows the comparison of time variation of flap, lead-lag, and torsion deformation at the blade tip between the measured data and the predicted results computed by CAMRAD II and DYMORE for the BL case. The blade deflections are measured at 24 azimuth positions in increments of 15˚. For simplicity, only the measured deflections of the reference blade (No. 1 blade) are presented, even though the experimental data show significant bladeto-blade dissimilarities (Lim, 2008; Van der Wall and Yin, 2007) . The sign convention for each of the blade deflections is defined as positive when the blade undergoes flap-up, lag-back, and nose-up deformation, respectively. The flap deflections are obtained by removing the precone angles from the vertical displacements, while the elastic twist deformation is obtained by subtracting the pitch control inputs and pretwist angles from the total geometric pitch angle, as given in Eq. (2).
Blade Structural Response
As is seen in Fig. 6 , the correlation is generally good for the flap deflections, while the correlation is fair to poor for the elastic torsion and lead-lag deflections, respectively. It is indicated that there are constant offsets amounting to approximately 1/3 chord length between the measured and predicted lead-lag deflections. This trend has also been observed in previous investigations (Lim, 2008; Lim et al., 2003) and similar results are obtained in the present predictions.
The DYMORE results are in better agreement with the measured flap deflections than the CAMRAD II predictions, but the peak-to-peak magnitudes of lead-lag deflections by DYMORE are larger than those with other methods. The 2/rev characteristics of the measured elastic twist deformation are captured well with the DYMORE, however the mean values are correlated better with the CAMRAD II. Figures 7 and 8 show the comparison of tip deflections in flap, lead-lag, and torsion for the MN and MV cases, respectively. As is expected from the rotor with 3/rev HHC inputs, a clear 3/rev response is noticed for both the flap and elastic twist deformation. The correlations between the predictions and test results are generally good for flap and torsion deflections, but the lead-lag deflections show constant offsets between predicted results and measured data. For the flap response, the CAMRAD II predictions show better correlation in the MN case; however, better correlation is noticed with DYMORE in the MV case, as compared with measurement data. It is indicated that the HHC inputs do not affect much on the lead-lag response. The lead-lag deflections obtained for both the MN and MV case show only a marginal difference as compared with the BL case. Except the lead-lag deflections, the analysis results slightly under-predict the peak-to-peak response compared to the measured values. 
Conclusions
In this work, the prediction capability of CSD codes including DYMORE and CAMRAD II has been demonstrated for the HART II rotor with and without higher harmonic control inputs. The test conditions considered include the BL, MN, and MV cases. A B-L free vortex wake model comprised of near shed wake and trailed tip vortices is implemented in the DYMORE analysis. It is found that the free wake model improves significantly on the BVI airloads prediction at both advancing and retreating sides compared with the finite-state dynamic inflow model. However, both CSD codes are able to capture the BVI event for section pitching moments. The gradient of airloads demonstrates reasonable correlation, but result in less impulsive responses as compared with the measured data. With regard to the blade motions, fair to good correlation is obtained with both the CSD predictions. A further study is required to enhance this correlation. It is believed that the current study provides a useful database for a comprehensive comparison, and this investigation will become a stepping stone toward more refined aeroelastic analysis such as the CFD/CSD coupled methodology. 
